The inclusion of highly anisotropic clay nanoparticles (nanoclays) in cross-linked natural rubber (NR) provides a more homogeneous distributed network structure and induces an early onset as well as enhancement of crystallization under uniaxial deformation. The molecular structure of the polymer network and its morphological changes during deformation were characterized by using broadband dielectric spectroscopy and in-situ synchrotron wide-angle Xray diffraction, respectively. It was found that the presence of nanoclay introduces a dual crystallization mechanism due to the alignment of nanoparticles during stretching. The improved properties in NR-nanoclay nanocomposites can be attributed to both microstructural and to morphological changes induced by nanoclay; as well as to the nanoclay mobility in the NR matrix during crystallization. The interplay of these factors during deformation contributes to the formation of a super-network structure containing cross-linked chemical chains, nanofiller and crystallizable networks with similar length scales.
Introduction
Natural rubber (NR, the major component is cis-polyisoprene) is one of the most fascinating and important industrial polymers among many engineering plastics. 1 The principal reasons for the versatility of NR are its high green strength, which is in turn due to the presence of non-rubber components (phospholipids and proteins) 2 and its ability to crystallize upon stretching in unvulcanized 3 and vulcanized state, 4 which is ultimately determined from the non-rubber components and the high stereoregularity 5 of NR.
A common practice to enhance the mechanical properties of NR is the introduction of chemical crosslinks as well as the addition of finely divided particulates, typically carbon black or silica. 6 A minimum of 20-30 wt% of conventional filler is required to attain optimal mechanical properties, but this high concentration reduces the processability and increases the weight of the final product. The continuous demand for new, low-cost, low-weight rubber composites with improved properties represents a challenge in the polymer industry. 7 Polymer nanocomposites offer the possibility for new alternatives. 8 The inclusion of nanosized particles, in particular layered silicates (nanoclays), 9 enables the enhancement of properties in polymers with even at small amounts of fillers, a feature not possessed by conventional composites. This was in fact the case for NR-nanoclay nanocomposites. It was found that the inclusion of 10 phr (parts per hundred of rubber) nanoclay greatly improves the mechanical properties of NR compounds over the conventionally filled systems. 10 Nevertheless, the mechanism of the reinforcement is still poorly understood. For example, what does it make NR-nanoclay materials stronger than conventionally filled rubbers without scarifying properties like hardness, resilience or compression set? According to the molecular models of conventional rubber compounds, for filled and crystallizable vulcanized rubbers, the main reason for the rise in the tensile strength at low deformations (below crystallization) has been considered as the formation of additional crosslinks resulted from the filler-elastomer interactions due to the presence of fillers. Regarding the effect of nanoclay, we note that for the same weight/volume fraction of filler, the nanosized platelets would lead to four-six orders of magnitude more particles per volume than classic mineral fillers. 11 A large amount of surface area will be exposed to the rubber molecules leading to a huge interfacial volume around the nanofillers.
However, several points must be considered in order to better understand the differences between conventional and nanoclay-filled NR systems. Conventionally filled NR contains rigid aggregates of silica or carbon black particles, which can lead to a filler network with different level of aggregation. 12 Interactions between these micron sized particles forming clusters can cause a considerable change in viscoelastic properties. 13 However, this effect is absent in NRnanoclay systems. The filler network in NR nanocomposites is arranged in small groups of finely dispersed clay tactoids (containing ~ 10 layers). These tactoids are largely isolated and separated each other by ~10-50 nm without forming any rigid filler framework with fractal structure. This is due to the high level of dispersion nanoclay in the nanocomposites. Breakdown or reconstitution of the nanoclay network (Payne effect) 14 by increasing the strain amplitude have not been observed in NR nanocomposites with clay loadings below 30 phr. 15 Therefore, the high elastic modulus and the low hysteresis observed in NR-nanoclay nanocomposites in the low strain regime might be due mainly to the hydrodynamic effect and the interactions between nanoclay and polymer.
Another important issue, mentioned above, is the assumption of the strength increase in NRnanocomposite has often been attributed to rubber-filler interactions. 16 Such an assumption implies that the ability of the filler to toughen the matrix at any strain is independent of the thermodynamic state of the polymer matrix. Several experimental and theoretical studies have challenged the notion that the polymer-filler interactions are the only factor that is responsible for reinforcing the polymer nanocomposites. 17 It is conceivable that some other energy dissipation mechanism, resulting from the mobility of the nanoparticle that can act as temporary cross-links between polymer chains and nanoparticles, can also hinder the failure during deformation.
The above hypothesis is hard to verify because it is difficult to investigate NR-nanoclay nanocomposites under deformation without the induction of crystallization. Generally, straininduced crystallization (SIC) occurs at strains beyond a critical value. The addition of micron size fillers to NR has been thought of as superimposing another level of filler network at the larger scale in the system. 18 But, this may not be the case for NR nanocomposites and some interesting questions need to be addressed: (1) Will the dispersed nanoparticles induce a filler network structure with a similar length scale than the chemically crosslinked rubber chains? (2) How would the plate-like particles affect the crystallization? To answer these questions, it is necessary to first understand the effect of nanoclay on the final distribution of the network topology (chemical and physical) and the possible network defects. It is well known that the effective number of network imperfections such as dangling, and loops in unfilled NR networks increases by cross-linking as a consequence of heterogeneous distribution of the crosslink junctions 19 and a broad distribution of chain length between the junction points. 20 Both factors will greatly impact the orientation of the polymer chains during deformation and consequently the final crystalline fraction. Thus network imperfections will not alter the property resulted from the chain orientation due to SIC. 21 In contrast, the dense network region (highly cross-linked) would favor the molecular orientation of the chains at the early stages of deformation. 22 However, the induced crystallization also retards the process of nucleation due to the reduced segment mobility in these 6 regions. 23 For filled-NR with conventional fillers, several studies 24 have concluded that although the presence of fillers promotes crystallization, it does not increase the overall crystalline content in comparison with the unfilled systems. This effect could be due to the low volume fraction (0.1) necessary for the aggregation of fillers. 25 In other words, the conventionally filled rubber compounds might possess a non-homogeneous dispersion of fillers due to the high amount of particles used for reinforcement, approximately 40-60 phr. In addition, the micron size fillers could behave as heterogeneities preventing the rubber chain from aligning and crystallizing, even though the presence of filler could promote strain-induced crystallization. It has been reported that the micron size particles, when they do not interact strongly with the matrix, can effectively decrease the local stress and hinder SIC. 26 Contrary to this observation, a remarkable enhancement of SIC in vulcanized NR nanocomposite under uniaxial stretching due to the presence of nanoclay has recently been reported by Carretero-González et al. 27 In this work, we present experimental evidence of a more homogeneous NR network microstructure after the addition of nanoclay. The molecular ordering of the polymer network was evaluated by dielectric relaxation spectroscopy. The behavior of SIC was followed in-situ by synchrotron radiation. It was found that platelets with a lateral size sufficiently large result in a rapid crystallization rate and different morphology when compared with the system containing small disc size or lower aspect ratio. The results indicate that the addition of nanoclay particles to NR leads to a relatively "homogeneous" distribution of networks containing several different components. In addition, the large interfacial surfaces introduced by nanoclay facilitate the overall chain orientation during deformation resulting in an increase in final crystallite fraction. 
where r  is the polymer volume fraction in the swollen network, V0 is the molar volume of the solvent (106.2 mL/mol for toluene),  is the density of the rubber (0.92 g/mL for NR), and  is the Flory-Huggins polymer-solvent interaction term (0.393 for NR/toluene). The number of monomers between cross-links, Nc, was calculated from Vs (mol/mL) obtained by swelling, where Nc =  / M0 Vs; M0 = 68 (g/mol) is the molecular weight of the isoprene monomer.
Dielectric spectroscopy measurements were performed using the Novocontrol Turnkey Concept In-situ X-rays and deformation experiment in the simultaneous mode 31 offer the following advantages versus that in the sequential mode: (a) it makes possible to collect WAXD patterns in real time due to the high intensity synchrotron beam, (b) it permits to follow the exact dynamics of the process, thus avoiding erroneous conclusions regarding the evolution of microscopic mechanism, and (c) it allows to monitor the mechanical response simultaneously with the structural response, enabling the mapping of structural evolution during the stress-strain curve.
Results and Discussion
The X-ray powder diffraction patterns of various NR nanocomposites and corresponding neat clays are shown in 
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The behavior of intercalated NR chains can also be supported by the DSC results ( Figure 3 ).
The calorimetric data indirectly revealed the effects of thermal history, interlayer organic surfactant on the intercalation processes. The quaternary alkyl ammonium salt exhibits an endothermic peak, corresponding to the melt transition 32 at 67 ºC during the first heating ( Figure   3a ). The exothermic peaks at 23 ºC and 54 ºC observed during cooling (Figure 3b ) correspond to the liquid-crystal phase transitions of different surfactant polymorphs. This behavior has been observed in alkyl compounds, such as triglycerides and other lipids with different crystalline forms. These compounds undergo different thermal transitions during crystallization processes. 33 In the second heating step (Figure 3c (Mw/Mn)) before and after processing (see Table 2 ), the variations on the network microstructure cannot be solely attributed to these molecular variables. Such a difference can best be explained by the presence of a higher amount of dangling end chains, loops, long tail chains and uncrosslinked chains in neat NR and NR/Na + -MMT samples compared to that in NR/O-MMT.
The presence of the long tail components with high mobility has also been observed by NMR studies of swollen crosslinked NR samples. 42 It has been proposed that these components contribute to a larger amount of network defects in the NR matrix and manifest themselves in the presence of an extra and highly mobile region in the loss curve.
The addition of nanoclay in NR appears to provide a relatively more regular polymer network Further studies of physically adsorbed polymer on the modified nanoclay surface of NR nanocomposites by dielectric spectroscopy are underway and will be published elsewhere. is seen that oriented nanoclay reflection peaks (C images) begin to appear at a relatively low strain (α < 1). The intensities of these reflections increase with strain during stretching until a maximum alignment is reached (at α = 4). The stress-strain curves show a hysteresis, which was also found in pure vulcanized NR. 30, 43 This hysteresis corresponds with the different appearance in the WAXD images collected simultaneously during the tensile test. It has been reported that a dramatic deviation from the behavior of rubber elasticity can take place with the increase of strain 44 , which is seen in the NR/O-MMT nanocomposite. It is interesting to note that the hysteresis cycle is higher for the NR/O-MMT sample than the rest of the samples. In addition, crystal reflections (in WAXD images) of unfilled NR appear at a higher strain than those for the NR/Na + -MMT and NR/O-MMT samples. No evidence of orientation in the amorphous phase has been made based on the WAXD analysis. If there was any oriented amorphous phase, the total fraction must be small. This finding is in contrast with the study by Rault et al. 24c, 24d who have reported orientation of the amorphous phase using H NMR. The degree of crystallization is clearly evidenced from the normalized and corrected linear diffraction profiles as shown in Figure   9 . 
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The onset strain for crystallization (α 0 ) was determined by the interception of the regression line (dot line) in the plot of CI against α ( Figure 10 ). In the unfilled NR sample (Figure 10a ), the highest α 0 value observed is in concordance that reported in the previous studies. 31, 43 The lowest α 0 value for NR/Na + -MMT ( Figure 10b) This effect was also reflected on the strain-induced crystallization mechanism of the chosen nanocomposite samples. While for the unfilled NR (Figure 10a ) and the NR/O-LAP ( Figure   10d ), a single crystallization step during the stretched and recovery stages was detected, a welldefined dual crystallization mechanism was evidenced for NR/O-MMT ( Figure 10c ) and NR/Na + -MMT nanocomposite (Figure 10b To clarify this hypothesis, the variation of lateral dimension in the crystal during deformation was analyzed. Figure 11 shows (120) reflections from the NR. The samples containing the silicate showed an extra diffraction peak at high s values corresponding to the layered silicate. This peak did not affect to the crystallinity index calculation. 120 (L120) reflections during the stretching process (arrows indicate the stretching process). 
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